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osting by EAbstract In this study, the rheological characteristics of metallocene linear low density polyethyl-
ene (mLLDPE) were analyzed. Cyclohexane was used to prepare the dilute solutions of mLLDPE.
The concentrations used in this study ranged from 1000 to 4500 ppm with 1000 ppm increments.
The test temperatures ranged between 293 and 323 K at 10 K increments. The shear rate range
was from 0.8 and 600 s1. Rheological measurements were performed on a rotational rheometer
model AR-G2 with parallel plate geometry. The solution rheology was affected by shear rate, poly-
mer concentration, and testing temperature. Different models were used to describe the rheological
behavior of the mLLDPE dilute solutions. A model that accounted for concentration was successful
in describing the rheological behavior as compared to models that were developed for polymer melt,
which do not take the polymer concentration into account.
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lsevier1. Introduction
The knowledge of solution or melt rheology of polymers is
keystone information for the polymer processing industry.
Understanding the solution rheology of polymers is a key fac-
tor in developing suitable models for the solution polymeriza-
tion process. AL-Fariss and Al-Zahrani (1993), Osswald
(1998), Mills (2005), and Birley et al. (1992) showed that
rheological behavior of polymers is of utmost importance
regarding different polymer processing methods such as extru-
sion, injection molding, blow molding, calendaring, and ﬁber
spinning. Polymer solutions have distinct industrial applica-
tions. For example, polymethyl methacrylate (PMMA) is
added in about 2% to motor oil to reduce the dependency of
Table 1 Correlations for viscosity prediction of liquids as a
function of temperature.
Date Investigator Relationship
1913 de Guzman d ln/=dT ¼ W=RT2
1916 Arrhenius d ln gt1=3=dT ¼ k=T2
1923 Raman g1 = gv e
(E2  E1)/RT
1925 Fulcher ln g= A+ B/(T+ C)
1926 Dunn g= AeQ/RT
1926 Frenke g= XTeU/RT
1930 Madge g= AeBT/(T  C)
1930 Andrade gv1/3 = AeB/Tv
1933 Silverman g= (A/T0.5)e(B/T  ct)
1936 Eyring
Modiﬁed forms
of Eyring Equation
g= (N h/V) eDE/RT
g= (A/V)eBTb/T
1952 Litovitz ln g= A+ a/RT3
1955 Gornlissen and Waterman g= eB+A/Tc
1955 Girifalco ln g= C+ (B/T) + (A/T2)
1971 Agrawal and Thodes g+ k= aem/Tr
1972 Valzen ln g= B[(1/T)(1/T0)]
Table 2 Correlations for viscosity prediction of liquids as a
function of temperature and concentration.
Date Investigator Relationship
1993 Al-Fariss and
Al-Zahrani (1993)
g ¼ A1½expðB1=TÞcC1 ½expðD1CÞ
1998 Al-Fariss and
Al-Zahrani (1998)
g ¼ B1c ½ðcþA1A1 Þ
n  1ð1=nÞ  expðC1=TþD1CÞ
10 B. Al-Shammari et al.the oil on the temperature. More concentrated solutions, 40%
polymer or more, are used to manufacture textile ﬁbers by the
process of solution spinning. Paints and coatings are other
industrial applications of polymer solutions.
From ‘‘deﬁnition’’ point of view, it is not easy to distinguish
between ’’dilute’’ and ’’concentrated’’ polymer solutions. Usu-
ally there is a gradual transition from the behavior of dilute
to that of concentrated solutions. As a rule of thumb, a poly-
mer solution may be called concentrated if the solute concen-
tration exceeds 5% by weight. Formulas describing the
viscosity behavior of dilute polymer solutions were presented
by Van Krevelen (1990) and others. For concentrated polymer
solutions, there are other correlations given by Van Krevelen
and others as well (1990).
The viscosity of the polymer solution depends on a number
of factors. Van Krevelen (1990) mentioned that some of these
factors include molecules’ shape, molecular weight, hydro-
philic nature, and interaction of polymer molecules with the
solvents. Additionally, the solution viscosity depends on
the concentration of the dissolved polymer. In good solvents
the polymer segments prefer to be surrounded by solvent
molecules rather than by other polymer segments. On the other
hand, in poor solvents, the polymer molecules try to minimize
the area of contact with the solvents molecules, i.e., the exten-
sion of the polymer molecule depends on the interaction of the
polymer solvent, which directly affects its size and the viscosity
of the solution as explained by Al-Zahrani (1990). Most poly-
mers melt and solutions are non-Newtonian, meaning that
their viscosity depends on factors other than the velocity gra-
dient. Except for rare cases, the viscosity of polymer melts
and solutions decrease as the shear rate increases. This could
be explained by the alignment of the polymer molecules under
the application of the shear. This molecular alignment will
allow easier ﬂow of the molecules, which reduces the viscosity
at higher shear rates. This is called shear thinning. This phe-
nomenon is described by the famous power law formulated
by Ostwald and Waels shown in Eq. (1):
s ¼ k  cn ð1Þ
g ¼ kcðn1Þ ð2Þ
where s is the shear stress, c is the shear rate, k is constant and
n is the power low parameter. The temperature of the polymer
solution, T, has a profound effect on its viscosity, g. The
dependence of viscosity g on temperature T could be described
by Arrhenius equation as depicted in Eq. (3).
g ¼ k1 expðE0=RTÞ ð3Þ
where, k1 is constant, R is gas constant and E0 is activation of
energy.
In this study, the rheological models used for investigating
of ﬂow behavior of the polymer were Cross model, Eq. (4),
Carreau model, Eq. (5), Power law model, Eq. (1), and Alfariss
et all model, Eq. (6), to study the shear stress and shear rate
relationships.
g b
a b ¼
1
ð1þ ððc  cÞdÞ ð4Þ
g b
a b ¼
1
ð1þ ðc  c2ÞÞd2
ð5ÞTable 1 summarizes some of the models that are used to de-
scribe the polymer viscosity as a function of shear rate and
temperature as were cited by Amin et al (1980). Whereas,
Table 2 lists models that relate the polymer solution viscosity
to concentration, shear rate, and temperature as explained
by AL-Fariss and Al-Zahrani (1993) and Al-Zahrani (1990).
AL-Fariss and Al-Zahrani (1993) and Al-Zahrani (1990)
studied the rheological behavior of some dilute aqueous poly-
mer solutions. They related the measured viscosity to shear
rate, temperature, and concentration using the following
equation.
g ¼ A1½expðB1=TÞcC1 expðD1CÞ ð6Þ
where g is viscosity of polymer solution, c is shear rate, T is
temperature, C is polymer concentration and A1, B1, C1, and
D1 are constants. They proposed this correlation to predict
the viscosity of polymer solution as a function of temperatures,
shear rates and concentrations.
The rheological properties of polyethylene solutions did not
get enough attention in the literature. Yasuo et al. (1994) stud-
ied the rheological behavior of very dilute solutions of ultra
high molecular weight polyethylene (UHMWPE) for its utili-
zation in the gel spinning technology. Their investigation was
mainly focused on the shear ﬂow viscosity of these solutions.
They found that, such polyethylene solutions exhibit a shear
thinning behavior at a very wide range of shear rate from
104 to 103 s1. Furthermore, this typical non-Newtonian
behavior was more obvious by increasing the PE concentration
in their solutions.
Table 3 Brief description of the mLLDPE solutions used.
Sample No. Concentration (ppm) Temperature (K)
1 1000 293
2 303
3 313
4 323
5 2000 293
6 303
7 313
8 323
9 3000 293
10 303
11 313
12 323
13 4000 293
14 303
15 313
16 323
17 4500 293
18 303
19 313
20 323
The effect of polymer concentration and temperature on the rheological behavior of metallocene 11One of the important researches on the rheology of polymer
solutions was conducted by Diego et al. (2006). The power law
model was employed to correlate experimental data of shear
stress. They found that the model describes the experimental
data adequately.
They also found that all of the polymer solutions are
generally non-Newtonian pseudo plastic ﬂuids as the apparent
viscosity decreases with increasing shear rate, therefore, they
exhibit a shear thinning behavior.
Conventional Zieger-Natta catalysts used for the produc-
tion of the polyethylene have multiple active sites with differ-
ent reactivity ratios for different oleﬁns. However, one of the
advantages of the ‘‘metallocene’’ technology is that the single
site characteristics of metallocene coupled with the catalyst
sites being identical would produce polymers having the most
probable molecular weight distribution. This could lead to a
polydispersity in the range of two with a random co-monomer
distribution and narrow composition distribution as men-
tioned in the polymer data handbook (1999). Wood Adams
(1998) indicated that the single site catalysts offer much more
control over the molecular structure of the polymer.
Solution polymerization process is highly preferred as a
process to prepare Metallocene linear low density polyethylene
(mLLDPE) plastic or plastomers (i.e., copolymers having a
density of less than 0.935 g/cm3), this is achieved by the copo-
lymerization of a major portion of ethylene with a minor por-
tion of butene or octene, which was cited in U.S. Patent No.
6221985 (2000).
In this work we studied the rheological behavior of metal-
locene linear low density polyethylene (mLLDPE) in solution
form using low concentrations of mLLDPE dissolved in cyclo-
hexane. The rheological behavior was assessed using rotational
rheometer. The experimental results were ﬁtted to some of the
available rheological models, which are available in the
literatures.Figure 1 Effect of temperature on the rheological behavior of
mLLDPE solution at 1000 ppm.2. Materials and experimental
Cyclohexane was used to prepare the dilute solutions of
mLLDPE. These concentrations ranged from 1000 to
4500 ppm with a 1000 ppm increment. Fifteen to twenty
hours of continuous magnetic stirring and heating were nec-
essary for the dissolution of mLLDPE polymer. Table 3 lists
the solutions reported in this work. All samples were kept
overnight at 70–80 C before testing. Rheological measure-
ments were performed on a rotational rheometer model
AR-G2 (stress-controlled) with parallel plate geometry
(40 mm diameter) manufactured by Thermal Instruments.
The parallel plate rheometer comprises two parallel, circular
plates, one if them rotates, whereas, the other is stationary.
A fresh sample was used for each measurement. Multiple
samples were used for each experiment. Only the average re-
sults are reported here.
3. Results and discussion
3.1. Rheological behavior
The relationship between solution viscosity of mLLDPE, shear
rate and temperature for two selected concentrations of 1000
and 4500 ppm is shown in Figs. 1 and 2 respectively.The mLLDPE solutions investigated here behaved in a
non-Newtonian manner as indicated by the decrease of the
solution viscosity as the shear rate increases. The viscosity de-
creased more rapidly at low shear rates (less than 100 s1) than
at higher shear rates (more than 200 s1).
As temperature increased, the viscosity decreased as well.
At higher temperatures the molecular movement of the poly-
mer is easier due to;
(1) the decrease of the solvent viscosity at higher
temperatures,
(2) the decrease of the inter-chain liaisons, and
(3) the increase in the polymer solubility.
All these factors contributed to decreasing viscosity as the
temperature increased. The inverse relation of viscosity with
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Figure 2 Effect of temperature on the rheological behavior of
mLLDPE solution at 4500 ppm.
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Figure 3 Inﬂuence of polymer concentration on the rheological
behavior of mLLDPE solution at 293 K.
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Figure 4 Inﬂuence of polymer concentration on the rheological
behavior of mLLDPE solution at 323 K.
Figure 5 Shear stress vs. shear rate for mLLDPE solution at
different concentrations and 323 K, where solid lines represent the
Cross model ﬁt.
Figure 6 Shear stress vs. shear rate for mLLDPE solution at
different concentrations and 323 K, where solid lines represent the
Carreau model ﬁt.
12 B. Al-Shammari et al.temperature was more pronounced at high polymer concen-
tration where intermolecular association is more pronounced
as compared to low polymer concentration. Similar observa-
tions were reported by AL-Fariss and Al-Zahrani (1993),
Al-Zahrani (1990), and Diego et al. (2006).
As the polymer concentration increased the solution viscos-
ity increased as well. It is worth noting that at polymer concen-
trations greater than 3000 ppm, the polymer ﬂow at room
temperature was difﬁcult. As seen from Fig. 3, there is a jump
in viscosity as the concentration increased from 3000 to
4000 ppm at room temperature. This jump was not distinct
at higher temperatures as seen in Fig. 4. There is a jump in vis-
cosity as the concentration increased from 3000 to 4000 ppm at
room temperature. This jump was not distinct at higher tem-
peratures as seen in Fig. 4.
3.2. Model ﬁtting
We used four models to ﬁt the experimental rheological results
obtained in this research. We evaluated these models to choosethe most suitable one for the rheological properties of
mLLDPE solutions used. These models were; Power Law,
Cross, Carreau, and Al-Fariss and Al-Zahrani (1993) and
The effect of polymer concentration and temperature on the rheological behavior of metallocene 13Al-Zahrani (1990) models. A computer routine was developed
to ﬁt the data to the used models. Power Law, Cross, and
Carreau models do not have a concentration as a variable in
them. Therefore, the ﬁt was only good if the concentration
was kept constant as seen in Figs. 5–7.
Fig. 7 shows that the power low ﬁt was the worst specially
at higher concentrations. In our situation here, there is a prob-
lem with using these three models. The problem is that they do
not take the concentration into account. Therefore, we had to
calculate the ‘‘model parameters’’ for each condition individu-
ally. Table 4 shows these parameters for the Cross model.Figure 7 Shear stress vs. shear rate for mLLDPE solution at
different concentrations and 323 K, where solid lines represent the
Power low model ﬁt.
Table 4 Cross model parameters between 293 and 323 K for
mLLDPE solution.
A1Pa.S
(C1+1) B1 (K) C1 () D1 ()
0.0008 1449.689 .6836 0.0001
Table 5 Optimum values of Al-Fariss & Al-Zahrani correla-
tion parameters for mLLDPE solution.
Concentration
(ppm)
Temperature
(K)
Cross equation parameters
a (kg/ms) b (kg/ms) c (s) d ()
1000 293 0.027 0.007 0.17 0.68
1000 303 0.028 0.009 0.20 0.65
1000 313 0.032 0.009 0.27 0.64
1000 323 0.036 0.009 0.49 0.62
2000 293 0.05 0.001 0.65 0.64
2000 303 0.01 0.001 2.54 0.58
2000 313 0.08 8.9E3 2.33 0.58
2000 323 0.08 9.9E3 1.6 0.6
3000 293 0.04 1.5E3 0.22 0.75
3000 303 0.04 1.1E3 0.38 0.65
3000 313 0.02 1.2E3 0.11 0.72
3000 323 0.04 1.3E3 0.21 0.65
4000 293 0.02 2.4E3 1.5 0.72
4000 303 0.04 2.1E3 0.11 0.89
4000 313 0.03 1.1E3 0.11 0.79
4000 323 0.03 1.8E3 0.26 0.73
Figure 8 Shear stress vs. shear rate for mLLDPE solution at
different concentrations and 323 K, where solid lines represent the
Al-Fariss and Al-Zahrani (1993) correlation ﬁt.Al-Fariss and Al-Zahrani (1993) and Al-Zahrani (1990,
1998) correlations were used to predict the solution viscosity
taking into account temperature, shear rate and concentration
(Fig. 8). MATLAB program was used to optimize the param-
eters of Al-Fariss and Al-Zahrani correlations (1993). These
parameters are listed in Table 5. Al-Fariss and Al-Zahrani cor-
relation (1993), Eq. (6), gave a good ﬁt for the experimental
data obtained here better than the other correlations. Herein,
there is only a single value of the parameters that could be used
to describe the solution rheology as a function of shear rate,
concentration, and temperature.
4. Conclusions
This work presented the rheological behavior of metallocene
linear low density polyethylene (mLLDPE) solutions at differ-
ent concentrations, shear rates, and temperatures. All solu-
tions that were tested in this study exhibited ‘‘shear
thinning’’, .The drop in viscosity was more pronounced at
lower shear rates than at higher ones. The viscosity increased
as the temperature decreased or as the concentration increased.
However, our results showed that the viscosity of the tested
polymer solutions was more sensitive to concentration than
temperature changes.
The experimental data of viscosity versus shear rate for all
tested solutions were ﬁtted to the well known rheological mod-
els; Power Law, Cross, and Carreau. Additionally, Al-Fariss
and Al-Zahrani (1993) and Al-Zahrani (1990, 1998) were tested
to judge their ﬁtness as models for our experiments. The for-
mer equation gives the best correlation between the viscosity
and shear rate, concentration, and temperature. An individual
value of the parameters were calculated, which could be used
to describe the solution rheology as a function of shear rate,
concentration, and temperature.
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